The carotid sinus of eight adult Macaca fascicu/aris monkeys was functionally isolated from the circulation and perfused with Krebs-Henseleit solution. The impulse activity in 65 carotid sinus baroreceptor fibers from the left carotid sinus nerve was studied during nonpulsatile perfusion and was compared with the impulse activity in 68 fibers from 10 adult mongrel dogs. Curves relating the discharge frequency to carotid sinus pressure were constructed. The baroreceptor fibers of the monkey had a significantly lower threshold, gain, pressure at the point of inflection, and plateau pressure than those of the dog. Hysteresis, as indicated by the separation of the stimulus-response curves obtained by increasing and then decreasing carotid sinus pressure, was observed. At any given pressure, the discharge frequency of baroreceptors was greater when carotid sinus pressure was increased than when it was decreased in both species. These results provide direct evidence that carotid sinus baroreceptors in the monkey are less sensitive to pressure changes than those in the dog. (Circ Res 52: 380-386, 1983) 
THE BASIC characteristics of carotid sinus baroreceptors have been studied extensively in a number of species including the cat (Landgren, 1952; Diamond, 1955; Fidone and Sato, 1969; Samodelov et al., 1979) , the dog (Sleight et al., 1977) , and the rabbit (Bronk and Stella, 1932; Bronk and Stella, 1935; Franz et al., 1971; Tomomatsu and Nishi, 1981; Tomomatsu and Nishi, 1982) . However, there is no report in the literature examining the responsiveness of carotid sinus baroreceptors in the primate.
In a previous study from this laboratory, it was observed that low pressure baroreceptors were less sensitive in the monkey than in the dog (Zucker and Gilmore, 1975) . Consistent with this was the finding that significant elevations of left atrial pressure in the monkey, produced by an intra-atrial balloon, had no effect on salt and water excretion, renal plasma flow, glomerular filtration rate, heart rate, or blood pressure (Gilmore and Zucker, 1978) . On the other hand, balloon distension of the left atrium of the dog evoked significant increases in urine flow and free-water clearance (Zucker et al., 1979) . It was suggested that this difference of low pressure baroreceptor sensitivity between the primate and the dog may be related to the evolution of the upright or semi-upright posture of the former. The present study was designed to determine the discharge characteristics of carotid sinus baroreceptors in the monkey and to compare those characteristics with those of carotid sinus baroreceptors in the dog studied under the same experimental conditions. For this purpose, we developed a technique to record the single unit activity of baroreceptor fibers in functionally isolated carotid sinus nerve preparations.
Methods
Eight adult Macaca fascicuJaris monkeys weighing 3.3-6.5 kg, and 10 adult mongrel dogs weighing 10.8-28.9 kg, were studied. The monkeys were anesthetized with pentobarbital sodium (30 mg/kg, iv) after a sedating dose of ketamine (8 mg/kg, im, Ketaject). The dogs were anesthetized with pentobarbital sodium (30 mg/kg, iv). Supplemental doses of the anesthetic were given as needed throughout the experiment. The trachea was intubated and the animals were ventilated by means of a positive-pressure respirator. Arterial P02, PCO2, and pH were monitored throughout the experiments. Temperature was maintained at 38°C with a heating pad servocontrolled by a rectal thermister. A femoral vein was cannulated for administering gallamine triethiodide (Flaxidil, 1 mg/kg), anesthetic, and saline. Arterial blood pressure was recorded by means of a microtip pressure transducer (PC-350 Millar) placed in the right femoral artery.
Isolation and Perfusion of the Carotid Sinus
The method of isolation and perfusion of the left carotid sinus preparations was essentially similar to that described previously (Tomomatsu and Nishi, 1981) . The left carotid sinus region was vascularly isolated from the circulation and perfused with Krebs-Henseleit solution through a stainless steel cannula with a three-way stopcock which was inserted into the common carotid artery below the carotid sinus region; the effluent drained out through a cannula in the external carotid or occipital artery. For the perfusion, a constant flow pump (Gilson), which was connected to a reservoir containing Krebs-Henseleit solution, was used.
A polyethylene catheter connected to a microtip pressure transducer (PC-350 Millar) was introduced into one branch of the external carotid artery or the occipital artery, and the tip of the catheter was positioned in the sinus area. A Tomomatsu et al./ Baroreceptor Activity in the Nonhuman Primate 381 polyethylene tube was inserted between the pump and the common carotid artery through a three-way stopcock and connected to a pressure bottle containing Krebs-Henseleit solution which, in turn, was connected to a monometer and a sphygmomanometer bulb. When the stimulus-response curves of baroreceptors were obtained, the perfusion pump was turned off through the three-way stopcock, the outflow was stopped, and carotid sinus pressure was varied by applying pressure manually through the sphygmomanometer bulb to the pressure bottle ( Fig. 1) .
All arteries emerging from the carotid sinus, with the exception of the common and external or occipital carotid arteries, were ligated to prevent leakage. To eliminate sympathetic influences on the carotid sinus, the cervical sympathetic nerve was cut, the superior cervical ganglion was tied off or removed, and all nerves to the perfused sinus were cut with the exception of the carotid sinus nerve.
The perfusate had the following composition (in nw): NaCl, 120; KC1, 4.8; MgSO 4 , 2.5; CaCl 2 , 1.1; KH 2 PO 4 , 1.2; NaHCC>3, 25; and dextrose, 5.5; and was saturated with a gas mixture of 95% O 2 -5% CO 2 to give a final pH of 7.35-7.45. The perfusate was maintained at 38°C by means of a thermostatically controlled system.
Recording and Analysis of Carotid Sinus Baroreceptor Activity
The left carotid sinus nerve was exposed and cut at its junction with the glossopharyngeal nerve. The carotid sinus nerve was cleared of surrounding connective tissue and prepared for recording. The carotid sinus and sinus nerve were covered with warm mineral oil. The peripheral end of the cut carotid sinus nerve was dissected into fine filaments containing either single or a few active units which could be clearly distinguished from one another.
At the start of perfusion of an isolated carotid sinus preparation, discharge in the carotid sinus baroreceptors occurred, the frequency depending upon the perfusion pressure applied. Occasionally, chemoreceptor activity was observed. However, this was easily distinguishable from 95% 02 5%CO! baroreceptor discharge, since the former did not respond to an elevation of perfusion pressure, and, hence, these fibers were discarded.
Action potentials were obtained using platinum-iridium bipolar electrodes. The action potentials were amplified through a differential amplifier (Tektronix 3A9) and displayed on one channel of a dual beam oscilloscope (Tektronix 565). The output from the amplifier was also connected to a rate meter (Rate/Interval Analyzer, Frederick Haer and Co.) for which the window discriminator was set above the noise level so that only action potentials were counted. The output of the rate meter was recorded on a pen recorder (E & M Physiograph, Narco Co.) together with the perfusion pressure signal. The data were also stored on tape (Vetter, model D) and later played back and displayed on a visicorder (Honeywell Visicorder 1858). Because of the short length of the carotid sinus nerve, conduction velocities were not measured.
Baroreceptor Stimulus-Response Curves
We constructed stimulus-response curves as follows. Except for two dogs, one at 80 and another at 100 mm Hg, perfusion pressure was set initially at 90 mm Hg, which perfused the sinus at a rate of 10 to 30 ml/min, depending upon the diameter of the perfusion cannula. We maintained it at this level for at least 15 minutes before obtaining each stimulus-response curve. A series of square wave static pressure steps ranging from 0 to 220 or 240 mm Hg in increments of 20 mm Hg and maintained 7-15 seconds were applied to the carotid sinus region via the cannula connected to the pressure bottle (Fig. 1 ). The pressure steps had a rise time of approximately 0.5 second over the entire range of pressure examined. The stimulus-response curve determination for each baroreceptor fiber took 1.4-2.4 minutes.
Steady state discharge is observed when a baroreceptor is completely adapted, and this occurs 3-5 minutes after the rise in pressure (Landgren, 1952) . Since about 80% of adaptation is accomplished within 5 seconds after a step increase in pressure, we used this time as a measure of the steady state response, as have other previous investigators (Sleight et al., 1977; Igler et al., 1981) . Stimulus-response curves were constructed from these data; pressure was plotted against discharge frequency at 5 seconds. A linear regression line was fitted to the lower pressure range of the curve. The slope of the regression line was defined as the gain or sensitivity of the baroreceptor (Sagawa, 1978) . At a certain pressure, the relationship between the discharge frequency and pressure ceased to be linear; this pressure was called the point of inflection. The pressure at which the baroreceptor first exhibited no further increase in discharge frequency in response to an increase in pressure was called the plateau pressure.
Statistical Analysis
The results are expressed as means ± SEM. Student's ttest was used to evaluate the significance of the differences of two means of grouped values. A P value of less than 0.05 was considered statistically significant.
Results
Under pentobarbital anesthesia, the mean arterial blood pressure of the eight monkeys (89.9 ± 4.0 mm Hg) was significantly (P < 0.01) lower than that of the 10 dogs (114.1 ± 3.9 mm Hg). Sixty-five and 68 single baroreceptor fibers were obtained from the monkey and the dog, respectively. Baroreceptor fibers were studied within 3 hours in most cases (6 hours in one monkey) after starting perfusion of the carotid sinus preparations. Figure 2 shows typical responses of a single carotid sinus baroreceptor obtained from a monkey to incremental steps of static pressure. When the pressure was increased from 20 to 40 mm Hg, there was no discharge, but when the pressure steps from 40 to 60 mm Hg were applied, a single baroreceptor unit responded with a short burst of high spike amplitude ( Fig. 2A) . One-second threshold pressure was defined as the pressure at which the nerve discharged for at least 1 second, even though because of adaptation the discharge may later have ceased. When the pressure steps from 60 to 80 mm Hg were applied, the fiber responded with an initial high frequency followed by an adaptation to a steady state frequency ( Fig. 2B ). Five-second threshold pressure was defined as the pressure at which the baroreceptor fiber discharged for at least 5 seconds after a new level of the pressure. In this baroreceptor fiber, 1-second threshold pressure and 5-second threshold pressure were 60 and 80 mm Hg, respectively. Distribution of baroreceptor fibers with regard to 1-second threshold pressure is illustrated in Figure 3 . The baroreceptor fibers of the monkey had a significantly lower mean threshold pressure than those of the dog (P < 0.01). One-second threshold pressure of 65 fibers in the monkey ranged from 20 to 120 mm Hg (mean: 58.8 ± 2.7 mm Hg) with most fibers having a threshold within a range of 20-80 mm Hg. The 1-second threshold pressure of 68 fibers in the dog ranged from 20 to 160 mm Hg (mean: 84.1 ± 3.9 mm Hg). Five-second threshold pressure was determined for 33 baroreceptors in the monkey and 35 baroreceptors in the dog; this threshold was significantly (P < 0.01) lower in the monkey (66.7 ± 3.3 mm Hg) than in the dog (101.8 ± 5.3 mm Hg) (Table 1) .
Response of the Carotid Sinus Baroreceptors to Static Pressure
There was great variation among individual baroreceptor fibers within a given animal. Figure 4 shows stimulus-response curves for 13 single fibers from a monkey and for nine single fibers from a dog. In most fibers of both species, as the pressure increased, the discharge frequency increased linearly to a point of inflection, then began to flatten out, and finally reached a plateau. Each fiber showed a different threshold, gain, inflection point, and plateau pressure in both species. Figure 5 shows the mean stimulusresponse plots for 33 single fibers from the monkey and for 35 single fibers from the dog. The baroreceptor fibers of the monkey had lower threshold and lower discharge frequencies than those of the dog. Figure 4 shows a general tendency for the slope of the stimulus-response curve for the dog to be steeper than that for the monkey. The gain in the 33 fibers of the monkey ranged from 0.08 to 0.43 impulses/sec per mm Hg (mean: 0.21 ± 0.02 inpulses/sec per mm Hg); most fibers had a gain within a range of 0.10-0.30 impulses/sec per mm Hg (Fig. 6) . The gain in the 35 fibers studied in the dog ranged from 0.18 to 0.91 impulses/sec per mm Hg (mean: 0.49 ± 0.03 impulses/sec per mm Hg). Thus, the gain or sensitivity of baroreceptors were significantly lower in the monkey than in the dog (P < 0.01).
Cain, Inflection, and Plateau of Baroreceptors
Thirty-two of the 33 baroreceptor stimulus-response curves had a clear point of inflection in the monkey; the inflection point of one curve occurred at pressure of 60 mm Hg; of 14, between 80 and 100 mm Hg; of 14, between 120 and 140 mm Hg; and of three, at a pressure of 160 mm Hg. The mean pressure at the inflection point of 32 fibers was 110.6 ± 4.6 mm Hg in the monkey. Thirty-four of the 35 stimulusresponse curves had a point of inflection in the dog; Results are expressed as mean ± SE. Ranges are in parentheses. Differences between the monkey and the dog are significant. the inflection point of eight curves occurred between 100 and 120 mm Hg, eight curves occurred between 140 and 160 mm Hg, and 15 occurred between 180 and 200 mm Hg. The mean pressure at the inflection point of 34 fibers was 154.7 ± 5.4 mm Hg in the dog. Thus, the mean pressure at the point of inflection in the monkey was significantly lower than in the dog (P < 0.01) ( Table 1 ). The discharge frequency at the point of inflection was significantly lower in the monkey (P < 0.01). One fiber each of the monkey and the dog did not exhibit a point of inflection.
Thirty-two of the 33 baroreceptor stimulus-response curves had a plateau pressure in the monkey; the plateau of four curves occurred between 80 and 100 mm Hg; of 17, between 120 and 140 mm Hg; and of 11, between 160 and 180 mm Hg. The mean pressure at the plateau of 32 fibers was 138.8 ± 4.7 mm Hg in the monkey. Thirty-three of the 35 stimulus-response curves had a plateau pressure in the dog; the plateau of four curves occurred between 120 and 140 mm Hg; of 13, between 160 and 180 mm Hg; and of 16, between 200 and 220 mm Hg. The mean pressure at the plateau of 33 fibers was 184.8 ± 4.7 mm Hg in the dog. The discharge frequency at the plateau pressure was significantly lower in the mon- (Table 1) . Thus, the baroreceptor fibers of the monkey had lower plateau pressure and lower discharge frequencies at the plateau pressure than did those of the dog.
Baroreceptor Hysteresis
After the carotid sinus pressure was raised from 0 to 220 or 240 mm Hg in increments of 20 mm Hg, the pressure was lowered back to 0 mm Hg in decrements of 20 mm Hg. Each pressure step had a rise and fall time of approximately 0.5 second and was held for 7-15 seconds. Thus, a comparison was made of the relationship between the impulse frequency and carotid sinus pressure during a staircase increase in carotid sinus pressure and during a similar decrease in pressure for each of 15 baroreceptor fibers in the dog and monkey. In all fibers studied, the two curves differed in position (Table 2) . Typical responses are shown in Figure 7 . In both the monkey and the dog, the threshold pressures of the baroreceptors were usually higher when the carotid sinus pressure was reduced than when pressure was increased. These differences were significant in both the monkey and the dog (P < 0.01). Furthermore, the impulse frequency was less at equivalent pressures when the pressure was reduced, so that a hysteresis loop relating impulse frequency to carotid sinus pressure was formed in both the monkey and the dog; the separation of the curves was greater at the lower pressures than at the higher pressures in both the monkey and the dog. This phenomenon was more pronounced in the dog (Table 2) .
Discussion
The present experiments provide the first data on the discharge characteristics of carotid sinus barore- ceptors in the nonhuman primate. The carotid sinus baroreceptors in the monkey exhibit a threshold, and a more or less linear operating range ending at a point of saturation, as in the dog and other species (Sleight et al., 1977; Franz et al., 1971; Tomomatsu and Nishi, 1982) . However, the baroreceptor fibers of the monkey had a lower threshold, gain, pressure at the point of inflection, and plateau pressure than did those of the dog. Since threshold pressure of baroreceptors depends upon the working pressure at the time of measurement (Samodelov et al., 1979) , we maintained carotid sinus perfusion pressure at a given level (90 mm Hg) before obtaining stimulus-response curves. Nevertheless, baroreceptor fibers in the monkey had a lower threshold pressure than those of the dog. The lower threshold pressure of the monkey could be explained by the concept that baroreceptors are most sensitive at, or near, the intrinsic arterial blood pressure level (Koch, 1931) ; the monkey (89.9 ± 4.0 mm Hg) had a lower mean arterial blood pressure than the dog (114.1 ± 3.8 mm Hg) in this study.
Carotid sinus baroreceptor sensitivity in the monkey was lower than that of the dog when this was defined as the slope of the stimulus-response curve. This difference in sensitivity could be due to differ-ences in the baroreceptor nerve endings, to mechanical differences in the arterial wall in which the receptors lie, or to both. Membrane characteristics of baroreceptor nerve endings in the monkey might be different from those in the dog, and, hence, the mechanosensitive membrane at the nonmyelinated portion of the baroreceptor fibers in the monkey would be less sensitive to mechanical stimuli or stress applied directly to the membrane. Alternatively, because baroreceptors are stretch receptors whose activity is related mainly to the mechanical properties of the wall in which they are situated (Landgren, 1952) , distensibility of the smooth muscle and elastic components would affect stress on the receptor membrane even at the same pressure. Thus, a lower distensibility of the carotid sinus wall could result in a lower sensitivity or gain of the carotid sinus baroreceptors in the monkey. However, this would not be consistent with our finding that the threshold pressure was significantly lower in the monkey than in the dog. In the present experiments, no evidence is provided for or against these possibilities.
It is possible that differences in the ages of the animals could have contributed to the differences reported herein. However, this is unlikely, because these animals were not studied at exactly the same chronological age, but, rather, at a similar "biological age," i.e., young adult. In this regard, Bloor (1964) showed the apparent unchanging sensitivity of aortic baroreceptors with increasing age in the rabbit.
According to Koch (1931) , the curve of systemic blood pressure response vs. carotid sinus pressure (Blutdruckcharakteristikkurve) varied from species to species. In three anesthetized baboons, the stimulusresponse range was 15-190 mm Hg: threshold pressure, 15-20 mm Hg; plateau pressure, 180-190 mm Hg; and the pressure at the point of maximal sensitivity, 85-95 mm Hg. On the other hand, in five anesthetized dogs, the stimulus-response range was 45-250 mm Hg: threshold pressure, 45-60 mm Hg; plateau pressure, 190-250 mm Hg, and the pressure at the point of maximal sensitivity, 110-135 mm Hg. Thus, the Blutdruckcharakteristikkurve of the baboon was located more to the left, compared with that of the dog. These findings are similar, qualitatively, to those from single fiber baroreceptor recordings presented here. However, there was a considerable quantitative difference in the values between present monkey data and Koch's baboon data. This might indicate a real species difference. More important, perhaps, is the fact that general anesthesia alters the characteristics of the baroreceptor reflex and modifies its interactions with neural inputs that originate from, or have synaptic relays in, supramedullary brain centers (Korner, 1971; Kirchheim, 1976) . In the present experiments, it is unlikely that anesthesia influenced carotid sinus baroreceptors, since we examined baroreceptors in vascularly isolated preparations perfused with artificial solution not containing anesthetics. On the other hand, Koch's baroreflex experiments were conducted in the anesthetized animal.
Thus, these quantitative differences between our results and those of Koch might be due to the fact that blood pressure responses are complex baroreceptor functions and represent the responsiveness of the total reflex system. Koch did not provide data regarding baroreceptor gain.
Baroreceptor Hysteresis
We observed baroreceptor hysteresis over the whole range of carotid sinus pressure. In aortic baroreceptors of the rabbit, the upward and downward pressure response curves of baroreceptors were different and, at any given pressure, baroreceptor discharge was greater when pressure was increasing than when it was decreasing (Angell-James, 1971). The same phenomenon has been reported in aortic baroreceptors of the rat and the dog (Brown et al., 1976; Coleridge et al., 1981) . In agreement with the report of Angell-James (1971), the curves obtained in the present experiments at descending pressure were shifted to the right in each of 15 carotid sinus baroreceptors obtained from both the monkey and the dog. Similar results were obtained in carotid sinus baroreceptors of the rabbit (Tomomatsu, unpublished data) . The underlying process responsible for baroreceptor hysteresis may be due to viscoelastic relaxation and creep of connective structure in the carotid sinus wall as well as aortic wall (Angell-James, 1971) .
In summary, this study is the first to demonstrate the discharge characteristics of carotid sinus baroreceptors in the primate. As in the dog, the carotid sinus baroreceptors in the monkey exhibit a threshold and a more or less linear operating range ending at a point of saturation. However, carotid sinus baroreceptors in the monkey are less sensitive to pressure changes in comparison with those in the dog.
